because it is solubilized in the surfactant palisade layer and the layer curvature becomes less positive. Perfumes are very rich in chemical structures, and most of them are water-insoluble. Hence, depending on the amphiphilisity or lipophilisity of perfumes the surfactant cubic phase would be more stable or less stable against temperature.
In this context, we studied the formation of discontinuous cubic phases of 8 kinds of long-polyoxyethylene-chain nonionic surfactants in water. Further, the effect of perfumes on the stability of discontinuous cubic phase was investigated by means of phase behavior and small-angle X-ray scattering.
Experimental 1 Materials
Long-polyoxyethylene-chain nonionic surfactants are seven polyoxyethylene (n) alkyl (m) ether (C m EO n ), viz., polyoxyethylene (25) lauryl ether (C 12 EO 25 ), polyoxyethylene (25) cetyl ether (C 16 EO 25 ), polyoxyethylene (30) cetyl ether (C 16 EO 30 ), polyoxyethylene (40) cetyl ether (C 16 EO 40 ), polyoxyethylene (20) stearyl ether (C 18 EO 20 ) , polyoxyethylene (50) oleyl ether (C 18;1 EO 50 ), and polyoxyethylene (30) behenyl ether (C 22 EO 30 ) were obtained from Nikko Chemicals Co. Ltd., and are of commercial grade. Two polyoxyethylene (n) cholesterol ether (ChEO n ) surfactants, viz., polyoxyethylene (20) cholesterol ether (ChEO 20 ) and polyoxyethylene (30) cholesterol ether (ChEO 30 ), both of commercial grades were obtained from Nihon Emulsion Co. Ltd. The chemical structure of polyoxyethylene (n) cholesterol ether is shown in Fig. 1 .
The synthetic perfume compounds d-limonene (LN), a-hexyl cinnamic aldehyde (HCA), b-ionone (IN), benzyl acetate (BA), linalool (LL), geraniol (GL), eugenol (EL), and cis-3-hexenol (HL) were obtained from Yasuhara Chemical, Nippon Zeon, Givaudan Roure, Toyo Soda, Kanto Chemical, Kuraray, H&R, and Kao Co., respectively, and were used without further purification. The chemical structures, molecular weights, and purities of the perfume compounds are shown in Table 1 . Their purities were determined by gas chromatography (Hewlett-Packard HP 5890). The hydrocarbon-type oil, iso-paraffin (IP) trade name "IP 1620" was obtained from Idemitsu Petrochemical Co. Ltd.
Phase Diagrams
Required amounts of reagents were sealed in glass ampoules and kept in a thermostat after mixing. Phase states were determined by visual observation. Liquid crystals were detected by cross polarizer, polarized microscope, and small-angle X-ray scattering (SAXS).
3 Molar Volumes of Surfactant and Perfume Compounds
Densities of the perfume compounds and cholesterol were measured at 25 by a digital density meter, Anton Paar Model DMA40. Since cholesterol is in a solid state, the density of the benzene solution for cholesterol was measured at various cholesterol concentrations. The reciprocals of these values were plotted against cholesterol concentration and the density of the pure cholesterol in a liquid state was estimated from the intercepts of the density lines at 100% cholesterol. The density of cholesterol was for found 0.988 g/cm 3 . The density of perfume compounds, d-limonene (LN) and geraniol (GL) were directly measured in their pure form, because they are in the liquid state at this temperature. The densities of LN and GL were for found 0.838 g/cm 3 and 0.877 g/cm 3 , respectively.
The molar volume of cholesterol and perfume compounds is calculated by the following equation:
(1) where M, V, and r are the molecular weight, the molar volume, and the density of cholesterol or perfume, respectively. The molecular weight of cholesterol is 386.6, and the molecular weights of perfume compounds are given in Table 1 .
It is known that arithmetic additivity approximately holds concerning the molar volumes of each functional group in the surfactant (10) (11) (12) . Then the molar volume of the surfactant (V S ) is the sum of molar volume of each group in the surfactant, and the following relation holds:
( 
where f S is the volume fraction of surfactant in the system.
4 Small-Angle X-ray Scattering (SAXS)
Interlayer spacing of liquid crystal was measured by small-angle X-ray scattering (SAXS), performed on a small-angle scattering goniometer with an 18kV Rigaku Denki rotating anode generator (Rint 2500) at 25 . The samples were placed in a metal slit and covered with plastic film (Mylar seal method) for the measurement. The types of liquid crystals were distinguished from the interlayer spacing ratio of several scattering peaks.
It is assumed that spherical micelles are packed in a cubic array in the I 1 phase, the hexagonal (H 1 ) phase consists of infinitely long cylindrical micelles packed in a hexagonal array, as is schematically shown in Fig. 2 . According to the geometry of liquid crystals, the effective cross-sectional area per surfactant molecule, a S , is calculated by the following equations using the interlayer spacing, d, obtained from the SAXS measurement (3) . 
N. Kanei, K. Watanabe and H. Kunieda
For the I 1 phase,
where r I is the radius of the hydrophobic part of spherical micelle in the I 1 phase, n C is the number of micelles in a unit cell, and C is a constant (C=(h 2 +k 2 +l 2 ) 1/2 , where h, k, and l are Miller indices). The values of the constants (n C , C) are (1, 1) for simplecubic, (2, 2) for body-centered cubic, and (4, 3) for face-centered cubic structures. V L is the volume of the lipophilic part of a surfactant molecule, and f O is the volume fraction of perfume compound in the system.
For the H 1 phase,
where r H is the radius of the hydrophobic part in the cylindrical micelle.
Results and Discussion 1 Phase Behavior of Water/Long-Polyoxyethylene-Chain Nonionic Surfactants Systems
The phase diagrams of the water/C 12 EO 25 , the water/C 16 EO 25 , the water/C 16 EO 30 , the water/C 16 EO 40 , the water/C 1 8 EO 2 0 , the water/C 1 8 ; 1 EO 5 0 , the water/C 22 EO 30 , and the water/ChEO 30 systems were determined as a function of temperature, and the results are shown in Fig. 3 . Cloud temperature was not observed up to 100 in all the systems due to strong hydrophilicity of surfactants.
In a dilute surfactant region, an aqueous micellar solution (W m ) phase is formed, and then, discontinuous cubic (I 1 ) phase is produced with increasing the surfactant concentration. In some systems, hexagonal liquid crystal (H 1 ) is formed at a high concentration region. The boundary between I 1 and W m is determined by visual observation, since the viscosity of I 1 phase suddenly changes to give fluid W m phase at the boundary.
In the water/C 16 EO 25 system, I 1 and H 1 phases are formed, whereas only I 1 phase is produced in the water/C 12 EO 25 system, although both surfactants have the same EO-chain length. In the former system, the shape of aggregates is changed from spherical (I 1 ) to rod (H 1 ) with increasing the surfactant concentration. On the other hand, in the latter system, the surfactant layer curvature is positive (spherical) over a wide range of composition. Hence, the HLB (hydrophile-lipophilebalance) of surfactant (weight ratio of EO chain length to total surfactant) is directly related to the surfactant layer curvature. If the EO chain length of surfactant is kept constant and the hydrophobic chain length of surfactant increases, the opposite tendency is observed, as is shown in Fig. 3(c) , (g), and (h). Only I 1 phase is formed by strongly hydrophilic or long-EO-chain surfactant system as is shown in Fig. 3(a) , (c), (d) and (f). The relation between the HLB values of each surfactant, the type of phase and the maximum temperature of I 1 phase are summarized in Table 2 (9, 13, (15) (16) (17) (18) and Fig. 4 . Since I 1 phase is changed to W m phase with increasing temperature, the highest temperature up to which I 1 can exist (called "maximum temperature of I 1 phase" hereafter) may be taken as the measure of the stability of the I 1 phase.
When the hydrophobic chain length of surfactant is kept constant, the maximum temperature of I 1 phase 
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increases with increasing HLB value. On the other hand, the maximum temperature of I 1 phase increases on increasing the molecular size of surfactant at constant HLB value.
2 Effect of Added Perfume on the Maximum Temperature of Discontinuous
Cubic Phase It is known that on the addition of oil in the watersurfactant I 1 phase, the melting temperature of I 1 phase is changed largely below the solubilization limit, and the temperature is constant after excess oil is separated 611 J. Oleo Sci., Vol. 52, No. 11, 607-619 (2003) 2) . We observed the phase behavior and the maximum temperature in the presence of 20wt% perfume content where excess oil phase is separated. In the two phase I 1 +O region, the maximum temperature of I 1 phase would be constant because the composition of I 1 phase is almost constant and only the amount of excess oil phase increases. The results are shown in Table 3 and Fig. 5 .
Upon addition of hydrocarbon-type perfume, LN, the maximum temperature of I 1 phase is almost unchanged, whereas it decreases largely upon addition of polar oil, such as HCA, IN, BA, LL, and GL. Upon addition of LL or GL, I 1 phase is not formed above 25 in the C m EO n systems, however I 1 phase is formed in the ChEO n systems as is shown in Table 3 . Upon addition of EL or HL, I 1 phase is not formed above 25 in all of the C m EO n and ChEO n systems. Figure 5 shows that when HLB value is high, the maximum temperature of I 1 phase is high, and is in order LN>HCA>IN>BA> LL>GL. 
Effect of Added Perfume on the Stability of Discontinuous Cubic Phase
As mentioned before, on the addition of hydrocarbon-type oils, I 1 phase tends to be more stable. On adding the hydrocarbon-type oil, iso-paraffin (IP) mixed with amphiphilic polar perfume, the I 1 phase in the presence of IP was more stable compared with that containing the amphiphilic polar perfume only. Therefore, the effect of addition of the mixture of IP and perfume (weight ratios are 50/50) on the structure of I 1 phase in the water/ChEO 30 system was investigated, and the results are shown in Table 4 .
The maximum temperature of I 1 phase in the presence of IP is higher than that of the I 1 phase in presence of perfume alone. In the mixture of HL and IP system, two phase region of I 1 and liquid crystal is formed below 28 , although single I 1 phase is not formed.
From Table 3 and Table 4 , it is clear that the maximum temperature of I 1 phase is in order LN>HCA>IN>BA>LL>GL>EL>HL. This order is the same as the HLB temperature in the water/octaethylene glycol dodecyl ether (C 12 EO 8 )/perfume system. , the water/C 12 EO n system; , the water/C 14 EO 8 system;
, the water/C 16 EO n system; , the water/C 18;1 EO n system; , the water/C 18 EO 20 system; , the water/C 22 EO 30 system; , the water/ChEO n system. 
In presence of perfume I 1 phase is more stable in the ChEO n system than the C m EO n system, because upon the addition of polar perfume, such as LL and GL, I 1 phase is formed in the ChEO n system, although it is not formed in the C m EO n system. It is considered that the solibilization mechanism of perfume on the cholesterol group is different from that on the alkyl group. Therefore, the solubilization mechanism of perfume molecules in the I 1 phase of the water/ChEO 30 system was investigated by means of phase behavior and SAXS. In this study, we used two types of perfumes, one is hydrocarbon type perfume, viz., LN and the other is amphiphilic type perfume, viz., GL.
Phase Behavior of Water/ChEO 30 /Perfume Systems
The phase diagrams of the water/ChEO 30 /LN (or GL) system was examined at 25 and is shown in Fig. 6 .
On adding LN or GL to the W m and I 1 phases of water/ChEO 30 system, at first both perfumes were solubilized. With successive addition of the perfumes in each of the phases, an excess oil phase is separated beyond the solubilization limit of the W m and I 1 phases, respectively. In the concentrated region of ChEO 30 , upon the addition of GL on the H 1 phase near the water/ChEO 30 axis, H 1 phase is changed to L a or O m phase, and finally, an excess oil phase is separated at the solubilization limit of L a or O m . Usually, the amphiphilic oil such as GL tends to be solubilized in the surfactant palisade layer, and the surfactant layer curvature becomes less positive, resulting in a phase transition from W m to O m via lamellar liquid crystalline phase (3, 19, 20) . However, in the present system of 614 J. Oleo Sci., Vol. 52, No. 11, 607-619 (2003)
Fig. 5 Relation between the HLB of Surfactant and the
Maximum Temperature of I 1 Phase in the Water/Surfactant/Perfume Systems: , the water/ C m EO n /LN system; , the water/ChEO n /LN system; , the water/C m EO n /HCA system; , the water/ C m EO n /IN system; , the water/C m EO n /BA system; , the water/ChEO n /BA system; , the water/ ChEO n /LL system; , the water/ChEO n /GL system. Each of the system contains 20wt% of perfume. 
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ChEO 30 , the W m and I 1 phases exist even upon addition of a large amount of GL. It indicates that the tendency of the solubilization of GL in the palisade layer of ChEO 30 surfactant is not very strong, compared with that of C m EO n surfactant. The effect of added perfume compounds on the structure of I 1 phase in the ChEO n and C m EO n system was investigated by SAXS.
4 Effect of Added Perfume on the Cubic Structure of Water/ChEO 30 and Water/ C 22 EO 30 Systems
The effect of added LN or GL on the structure of I 1 phases in the water/ChEO 30 and the water/C 22 EO 30 systems at 25 was investigated by SAXS. The water/surfactant weight ratios are 65/35. The I 1 phases are identified as a face-centered cubic structure for the ChEO 30 system, and a body-centered cubic structure for the C 22 EO 30 system, respectively, by the ratio of SAXS peak, as is shown in Fig. 7 . The change in d, r I , and a S as a function of weight fraction for the LN or GL was calculated using Eqs. (4) - (7) in the experimental section, and the results are shown in Fig. 8 .
As shown in Fig. 8(a) , it is found that d, r I , and a S increase on adding LN. The increase of d and r I show that LN tends to be solubilized in the core of the surfactant aggregation, on the other hands, the increase of a S means that perfume is solubilized in the surfactant palisade layer (19, 20) . Since the penetration tendency of hydrocarbon oil, decane is very small (14) , penetration effect of hydrocarbon type perfume LN is small. As shown in Fig. 8(b) , upon addition of GL on the I 1 phase, at first, d decreases slightly, but a S increases. With successive addition of GL, d and a S increase slightly, and finally, an excess oil phase is separated beyond the solubilization limit of I 1 . This result shows that GL tends to be solubilized in the surfactant palisade layer at first, then the tendency of penetration of GL becomes gradually smaller in the ChEO 30 system. As shown in Fig. 8(c) , upon addition of GL to the I 1 phase of water/C 22 EO 30 system, d shows a little decreased, and r I increases slightly, but a S increases sharply. With further addition of GL, the phase transition from I 1 phase to H 1 occurs. This result shows that GL is solubilized in the surfactant palisade layer all the time in the C 22 EO 30 system, and the surfactant layer curvature becomes less positive. Judging from the tendency of increasing of a S , the degree of penetration of GL in the ChEO n system is different from that in the C m EO n system.
5 Penetration or Swelling of Perfume
The degree of penetration of perfume compounds into the surfactant palisade layer can be evaluated by the following method. Let us suppose that oil molecules are completely penetrated into the surfactant palisade layer and are not solubilized inside the aggregate cores. As a first approximation, the radius of the micelle forming the I 1 phase, r I is regarded as constant, and eq. (4) is rewritten as follows (8) where r I, 0 is the r I value of a perfume-free I 1 phase (water/surfactant ratio is unity). In this case, the interlayer spacing should decrease upon the addition of perfume.
On the other hand, as an alternative possibility, it is assumed that perfume compounds are solubilized only in the cores of aggregates and do not penetrate into the surfactant palisade layer. In other words, the hydrophobic part of the surfactant is in an unperturbed state. In this case, as would be combining eqs. (4) and (5): (9) where a S,0 =0.69 nm 2 for ChEO 30 and 0.73 nm 2 for C 22 EO 30 are the a S value of the perfume-free I 1 phase. In this case, d increases upon addition of perfume compounds, because the aggregation number of micelles should be increased, and the number of micelles in an unit volume decreases. In accordance with eqs. (8) and (9) , we calculated the change in d as a function of f O , and the results are shown in Fig. 9 .
The solid lines correspond to the d value calculated by eqs. (8) and (9), considering the complete penetration or swelling concepts, and the points with different symbols correspond to the experimental d values of the LN and LL systems. As shown in Fig. 9 , it can be seen that the properties of perfume compounds change from swelling to penetration tendency in the order LN>GL. It suggest that on adding GL to the I 1 phase, GL penetrates into the surfactant palisade layer in the C 22 EO 30 system, whereas in the ChEO 30 system, the properties of GL change from penetration to swelling with increasing GL. This indicates that the interaction between cholesterol groups may be very strong, and therefore, penetration of the surfactant palisade layer is not favorable. In surfactant/water systems of different long-polyoxyethylene-chain nonionic surfactants, viz., C 12 EO 25 , C 16 EO 25 , C 16 EO 30 , C 16 EO 40 , C 18 EO 20 , C 18;1 EO 50 , C 22 EO 30 , and ChEO 30 , the I 1 phase is formed. If we assume the maximum temperature up to which I 1 phase can exist as the measure of the stability of the I 1 phase, I 1 phase becomes more stable with increasing HLB value or the EO chain length of surfactant at constant of hydrophobic chain length of surfactant. Similarly, I 1 phase becomes more stable with increasing the molecular size of surfactant at constant HLB value.
Upon addition of 8 kinds of perfumes to the I 1 phase in water/surfactant system, in the hydrocarbon-type perfume, LN, the maximum temperature of I 1 phase is almost unchanged, whereas it decreases largely upon the addition of amphiphilic polar oil, such as HCA, IN, BA, LL, and GL, and is in order LN>HCA>IN>BA> LL>GL>EL>HL, which is same as the HLB temperature in the water/C 12 EO 8 /perfume systems. I 1 phase of the ChEO n systems is more stable than that of the C m EO n systems, as suggested by the higher melting of I 1 phase of ChEO n /LL or GL/water system 617 J. Oleo Sci., Vol. 52, No. 11, 607-619 (2003) than C m EO n /LL or GL/water systems. Upon addition of LN or GL to the I 1 phase of water/ChEO 30 system, at first the perfume is solubilized in the I 1 phase, and finally two-phase region of I 1 +O is formed. Usually, the amphiphilic polar oil such as GL tends to be solubilized in the surfactant palisade layer, and the surfactant layer curvature becomes less positive. SAXS results clearly show that GL penetrate into the surfactant palisade layer in the C 22 EO 30 system. However, in the ChEO 30 system, location of the solubilized GL change from palisade layer to the micellar core with increasing GL judging as shown by SAXS results. It suggests that the interaction between cholesterol groups may be very strong, and therefore, solubulization of oil molecules in the palisade layer (penetration) is not favorable.
